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HIGHLIGHTS 


•  3  mol%  excess  Ba-doped  Lai_xBaxIn03_5  (0.4  <  x  <  0.8)  is  a  cubic  perovskite  structure. 

•  La!_xBaxIn03_^  (0.4  <  x  <  0.8)  is  nearly  pure  oxygen  ion  conductor  in  a  dry  atmosphere. 

•  Lao.6Bao.4ln03_,5  exhibited  the  highest  conductivity  of  5.6  x  1CT2  S  cm-1  at  800  °C. 

•  Activation  energy  was  slightly  lower  than  that  of  the  doped  LaGa03  system. 
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Oxygen  ion  conduction  behaviors  of  the  0-5  mol%  excess  Ba-doped  Lao.6Bao.4ln03_j  cubic  perovskite 
oxides  have  been  investigated  to  elucidate  their  potential  as  electrolyte  materials.  The  highest  conduc¬ 
tivity,  5.6  x  10~2  S  cm  1  at  800  °C,  is  obtained  at  the  3  mol%  excess  Ba-doped  composition  benefiting 
from  a  supplementation  of  Ba2+  ions  on  the  vacant  A-site  generated  by  the  volatilization  during  the  heat- 
treatment  processes.  Interestingly,  all  the  samples  except  the  undoped  composition  show  curved  elec¬ 
trical  conductivity  behavior  in  the  Arrhenius  plot.  The  activation  energy  is  0.50—0.52  eV  in  the  high- 
temperature  region  above  900  °C,  which  is  slightly  lower  than  that  of  the  doped  LaGa03  system. 
Moreover,  all  the  samples  show  significantly  lower  activation  energy  values  of  both  the  high-  and  low- 
temperature  regions  compared  with  yttria-stabilized  zirconia.  The  3  mol%  excess  Ba-doped 
Lai_xBaxIn03_i  (0.4  <  x  <  0.8)  sample  has  also  been  studied.  All  of  the  compositions  show  a  cubic 
perovskite  structure  and  a  nearly  pure  oxygen  ion  conduction  behavior  in  a  dry  atmosphere  even  when 
p(0 2)  =  latm.  The  composition  of  x  =  0.4  exhibits  the  highest  oxygen  ion  conductivities. 

©  2014  Elsevier  B.V.  All  rights  reserved. 


1.  Introduction 

Doped  perovskite  oxides  have  come  to  occupy  an  important 
position  as  ceramic  electrolytes  for  solid  oxide  fuel  cells  (SOFCs) 
because  they  show  high  oxygen  ion  conductivity.  Acceptor-doped 
LaMC>3  perovskite  oxides  (M  =  Al,  Ga,  Sc,  In,  and  rare-earth  ions) 
are  well  known  as  oxygen  ion  conductors.  Although  the  oxygen  ion 
conduction  of  LaAlC>3  doped  with  a  rhombohedral  structure  has 
been  studied  widely,  the  conductivity  is  too  low  to  be  applied  as  an 
electrolyte  material  [1,2],  On  the  other  hand,  doped  LaGa03 
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perovskite  oxides  have  received  increasing  attention  due  to  their 
superior  oxygen  ion  conductivity  compared  to  that  of  yttria- 
stabilized  zirconia  (YSZ)  with  a  fluorite  structure  3—8].  Oxygen 
ion  conductivity  of  the  Sr  and  Mg  co-doped  LaGa03  is  greater  than 
0.1  S  citT1  at  800  °C,  which  is  comparable  to  that  of  YSZ  at  1000  °C. 
Indeed,  this  material  is  now  applied  as  an  electrolyte  material  for 
intermediate-temperature  SOFCs  at  800  °C. 

Ba-doped  LaSc03  with  a  cubic  structure  has  been  reported  as  a 
proton  conductor  in  a  wet  atmosphere.  Flowever,  it  showed  very 
poor  oxygen  ion  conduction  in  a  dry  atmosphere  [9,10],  The  oxygen 
ion  conductivity  of  Lao.sBao.sScC^,;  was  4.82  x  10~3  S  citT1  at 
800  °C.  Moreover,  scandium  oxide  is  too  expensive  to  be  used  in 
industrial  products. 

For  the  doped  LaLnCb  (Ln  =  rare-earth  ions)  with  an  ortho¬ 
rhombic  structure,  proton  conduction  was  observed  in  a  wet 
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atmosphere,  but  the  oxygen  ion  conduction  was  negligible  due  to 
the  severely  distorted  structure  [11].  In  recent  studies  on  doped 
Laln03,  the  Sr-doped  compounds  with  orthorhombic  structure 
showed  predominant  proton  conduction  below  600  °C  in  the 
presence  of  water  vapor.  In  particular,  Ba  and  Sr  co-doped  Laln03 
with  a  cubic  structure  showed  very  high  oxygen  ion  conductivity 
in  a  dry  atmosphere  [12,13  .  It  has  been  reported  that  Ba-doped 
Laln03,  e.g.,  Lao.6Ba0.4ln03_,5  with  a  cubic  structure,  exhibited 
mixed  conduction  behavior  of  oxygen  ions  and  p-type  electronic 
conduction  at  high  oxygen  partial  pressures  under  a  dry  atmo¬ 
sphere,  and  it  became  a  pure  oxygen  ion  conductor  in  aN2  at¬ 
mosphere  [14],  Below  450  °C,  it  showed  proton  conduction 
behavior  in  a  wet  atmosphere.  Although  proton  conduction  was 
widely  discussed  in  previous  reports,  a  systematic  study  of  the 
oxygen  ion  conduction  of  Ba-doped  Laln03  has  not  yet  been 
performed. 

Babilo  et  al.  claimed  that  the  A-site  deficiency  in  the  yttria- 
doped  BaZr03  due  to  barium  loss  during  heat-treatment  caused 
the  migration  of  the  dopants  from  the  B-site  to  the  A-site,  resulting 
in  a  consequent  decrease  in  the  unit  cell  [19].  They  also  demon¬ 
strated  the  volatilization  of  Ba  in  the  yttria-doped  BaZrC>3  during 
the  synthesis  process.  However,  no  reports  have  addressed  the 
volatilization  of  Ba  in  Ba-doped  Laln03. 

In  this  study,  the  effect  of  Ba  content  on  the  oxygen  ion  con¬ 
ductivity  of  Lao.6Bao.4ln03_{  with  excess  Ba  from  0  to  5  mol%  has 
been  investigated,  and  the  conduction  behavior  was  discussed  with 
regard  to  parameters  affecting  oxygen  ion  migration.  Additionally, 
the  phase  formation  and  the  conduction  behavior  in  the 
La1_xBaxIn03_5  system  were  investigated. 


2.  Experimental  procedure 

For  the  preparation  of  undoped  and  2—5  mol%  excess  Ba-doped 
Lao.6Bao.4ln03_5,  the  required  amounts  of  La203  (High  Purity  Chem., 
99.99%),  BaCC>3  (High  Purity  Chem.,  99.95%),  and  In203  (High  Purity 
Chem.,  99.99%)  were  weighed  and  then  mixed  in  an  alumina 
mortar  for  2  h.  Before  weighing,  La2C>3  powder  was  calcined  at 
1100  °C  for  1  h  using  a  box-type  furnace  and  both  and  BaCC>3  and 
In2C>3  powders  were  heated  at  200  °C  for  24  h  in  a  dry  oven  in  order 
to  remove  the  absorbed  moisture.  The  mixture  of  La203,  BaCC>3,  and 
In203  was  pressed  into  a  disc  and  then  heated  at  1200  °C  for  10  h  in 
air.  The  heat-treated  discs  were  crushed  and  ground  into  powder. 
Heat  treatment  and  grinding  was  conducted  three  times  for  com¬ 
plete  homogenization.  The  resulting  powder  was  uniaxially  pressed 
into  discs  and  isostatically  pressed  at  approximately  138  MPa.  Disc- 
type  specimens  were  then  finally  sintered  at  1500  °C  for  10  h  in  air. 
For  the  Lai_xBaxIn03_a  system,  compositions  with  3  mol%  excess  Ba 
were  prepared. 

The  phase  analysis  of  the  sintered  specimen  was  carried  out 
by  a  powder  X-ray  diffraction  method  using  a  Rigaku  Denki  D / 
MAX  RINT  2000  diffractometer  with  Cu-Ka  radiation.  Silicon  was 
used  as  an  internal  standard  material  for  the  measurement  of 
the  lattice  parameter,  and  annealing  was  carried  out  at  500  °C  in 
a  dry  N2  atmosphere  using  a  liquid  N2  trap.  The  composition  of 
the  samples  was  analyzed  by  an  inductively  coupled  plasma 
(ICP)  spectrometer.  Microstructural  characterization  was  carried 
out  with  a  Hitachi  field  emission  scanning  electron  microscope 
(SEM). 

The  electrical  conductivity  was  measured  in  a  tube-type  furnace 
by  a  conventional  DC  4-probe  method  in  a  dry  atmosphere  using  an 
ethanol/dry-ice  trap.  The  conductivity  measurement  was  carried 
out  during  cooling  from  1200  °C.  The  isothermal  conductivity  was 
measured  at  800  °C.  Oxygen  partial  pressure,  p(02),  was  controlled 
by  use  of  dry  O2/N2  mixtures  and  dry  H2. 


3.  Results  and  discussion 

3.1.  Excess  Ba-doped  La0.6Ba0.4lnO3_s  system 

It  has  been  reported  that  the  contribution  of  p-type  conductivity 
to  the  total  conductivity  for  La0.6Ba0.4lnO3_5  under  a  dry  atmo¬ 
sphere  was  small,  that  is,  0p-type/<7totai  =  0.127  at  800  °C  for  an  ox¬ 
ygen  partial  pressure  of  1  atm,  and  most  of  the  conducting  species 
in  a  N2  atmosphere  were  oxygen  ions  (o'oxygen-ion/o’ total  =  0.985) 
[14],  These  results  indicate  that  the  conductivity  measured  in  a  dry 
N2  atmosphere  could  be  assumed  to  be  that  of  pure  oxygen  ions. 
We  also  reported  that  the  proton  conductivity  in  La0.6Bao.4ln03_5 
was  observed  in  a  wet  atmosphere  but  was  negligible  above  500  °C 
due  to  dehydration,  which  occurred  at  about  250  °C  [14]. 

Oxygen  ion  conductivities  of  the  excess  Ba-doped  La0.6B- 
ao.4ln03_5  in  the  temperature  range  of  600—1200  °C  in  a  dry  N2 
atmosphere  are  shown  in  Fig.  1.  Except  for  the  undoped  composi¬ 
tion  the  oxygen  ion  conductivity  of  the  excess  Ba-doped  composi¬ 
tions  showed  non-linearity  in  the  Arrhenius  type  conductivities. 
The  curved  behavior  in  the  Arrhenius  type  plot  implies  that  the 
activation  energy  is  dependent  on  the  temperature.  To  our 
knowledge,  the  curved  behavior  of  the  conductivity  in  La0.6B- 
ao.4ln03_5  has  not  been  reported  previously.  Kakinuma  et  al.  re¬ 
ported  the  oxygen  ion  conductivity  of  the  same  composition,  but 
they  applied  a  linear  fit  to  the  conductivity  data  measured  in  the 
temperature  range  of  600—1000  °C  [18].  Although  a  linear  fit  was 
applied  to  the  oxygen  ion  conductivity  (Ref.  [18])  in  Fig.  1,  the 
application  of  polynomial  fitting  was  more  appropriate  because  the 
raw  data  also  exhibited  curved  behavior. 

The  curved  behavior  of  the  oxygen  ion  conductivity  has  been 
reported  in  stabilized  zirconia  and  doped  LaGaCb  perovskite  oxide, 
which  show  superior  oxygen  ion  conductivity  4—7,20],  In  the 
Zr02— Y2O3  system,  Bauerle  and  Hrizo  offered  two  hypotheses 
about  the  curved  behavior  of  the  conductivity  with  the  tempera¬ 
ture  [20],  The  first  hypothesis  assumed  vacancy  trapping  by  the 
dopant  ion  in  the  low  temperature  region,  that  is,  the  electrostatic 
association  of  oppositely  charged  defects.  The  second  hypothesis 
was  based  on  the  resistance  of  the  grain  boundary  layer.  It  was 
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Fig.  1.  Arrhenius-type  oxygen  ion  conductivities  for  undoped  and  excess  Ba-doped 
Lao.6Bao.4ln03_,5  measured  in  the  temperature  range  of  600-1200  °C  in  a  dry  N2 
atmosphere. 
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considered  that  the  grain  boundaries  primarily  affect  the  total 
conductivity  at  low  and  intermediate  temperatures  (<700  °C)  but 
have  little  influence  at  high  temperatures  [21  ].  Because  the  oxygen 
ion  conductivity  in  this  study  was  measured  in  the  temperature 
range  of  600—1200  °C,  the  second  hypothesis  of  the  grain  boundary 
layer  could  be  discounted. 

Moreover,  Huang  et  al.  observed  curved  behavior  of  the  con¬ 
ductivity  for  a  Sr  and  Mg  co-doped  LaGaC>3  system  and  suggested 
that  it  might  be  caused  by  the  trapping  of  oxygen  vacancies  by  the 
dopant  cations  below  a  critical  temperature,  T*  (-600  °C)  [4],  The 
temperature  region  of  600—850  °C  has  been  treated  as  the  transi¬ 
tion  region  of  the  conductivity  by  several  researchers,  i.e.,  the  dif¬ 
ference  in  activation  energy  between  the  high-  and  the  low- 
temperature  regions  [5—7],  For  doped  LaGaC>3,  the  activation  en¬ 
ergies  obtained  in  the  high-  and  the  low-temperature  regions  have 
been  reported  as  0.58—0.82  eV  and  0.95—1.20  eV,  respectively. 
Huang  et  al.  also  suggested  that  all  oxygen  vacancies  are  mobile 
above  the  critical  temperature,  which  implies  that  the  activation 
energy  in  the  high-temperature  region  might  correspond  to  the 
migration  energy.  In  the  low-temperature  region,  the  activation 
energy  might  be  the  sum  of  the  migration  energy  and  the  associ¬ 
ation  energy  due  to  the  coulombic  forces  between  dopant  cations  of 
negative  defects  and  oxygen  vacancies  of  positive  defects.  There¬ 
fore,  the  activation  energy  for  oxygen  ion  conduction  is  much 
higher  in  the  low-temperature  region  than  in  the  high-temperature 
one. 

In  this  study,  the  temperature  ranges  above  and  below  900  °C 
were  regarded  as  the  high-  and  the  low-temperature  region, 
respectively.  The  activation  energy  values  of  the  high-temperature 
region,  i.e.,  the  migration  energy,  for  the  excess  Ba-doped  compo¬ 
sitions  were  measured  as  0.50—0.52  eV,  which  are  slightly  lower 
than  the  measured  values  for  the  doped  LaGaC>3  system  and  are 
similar  to  the  calculated  migration  energy  values  of  oxygen  va¬ 
cancies  for  the  series  of  compounds  based  on  the  LaM03  perovskite 
oxides  (M  =  Cr,  Mn,  Fe,  and  Co)  showing  0.48—0.61  eV,  except  for 
M  =  Mn  calculated  as  0.86  eV,  as  can  be  seen  in  Table  1  [22], 
Especially,  the  excess  Ba-doped  La0.6Bao.4ln03_5  show  significantly 
lower  activation  energy  values  of  both  the  high-  and  low- 
temperature  regions  compared  with  YSZ.  The  oxygen  ion  conduc¬ 
tivity  of  the  3  mol%  excess  Ba-doped  composition  at  800  °C  was 

Table  1 

Activation  energy  values  in  the  high-  and  the  low-temperature  regions  for  undoped 
and  excess  Ba-doped  La0.6Bao.4ln03_j. 

Activation  energy  (eV)  Remarks 


High-  Low- 

temperature  temperature 


Lao.6Bao.4ln03_d 

Undoped 

0.84 

This  study 

2  mol%  excess  Ba-doped 

0.51 

0.83 

This  study 

3  mol% 

0.51 

0.87 

This  study 

4  mol% 

0.50 

0.81 

This  study 

5  mol% 

0.52 

0.82 

This  study 

La  i  -  AGO ,  _yMgy03 

-5 

A 

X 

y 

Ca 

0.10 

0.20 

0.75 

1.20 

Ref,  [7] 

Sr 

0.10 

0.20 

0.74 

1.08 

Ref,  [7] 

Sr 

0.10 

0.20 

0.66 

1.13 

Ref.  [6] 

Sr 

0.20 

0.15 

- 

1.06 

Ref.  [5] 

Sr 

0.20 

0.17 

0.82 

1.08 

Ref.  [4] 

Ba 

0.10 

0.20 

0.71 

0.95 

Ref.  [7] 

LaM03 

Cr 

0.48 

Ref [22] 

Mn 

0.86 

Ref  [22] 

Fe 

0.50 

Ref.  [22] 

Co 

0.61 

Ref.  [22] 

8YSZ 

0.91 

1.19 

Ref.  [42] 

5.6  x  1CT2  S  cnrT1  as  shown  in  Fig.  1.  This  value  is  lower  than  that  of 
the  doped  LaGa03  (>0.1  S  cnrT1)  but  much  higher  than  that  of  YSZ. 
The  low  activation  energy  and  relatively  high  oxygen  ion  conduc¬ 
tivity  of  Lao.6Bao.4ln03_5  is  discussed  below. 

To  understand  oxygen  ion  conduction  in  perovskite-structured 
oxides  such  as  LaGa03  and  LaA103,  where  aliovalent  cations  are 
substituted  at  the  host  ion  sites  for  the  formation  of  oxygen  va¬ 
cancies,  several  parameters  influencing  the  oxygen  ion  conductiv¬ 
ity  and  the  activation  energy  have  been  suggested  23—29],  Among 
them,  the  lattice  free  volume,  defined  as  the  difference  between  the 
unit  cell  volume  and  the  total  volume  occupied  by  all  constituent 
ions,  i.e.,  Vf  =  -  4/3tc  r?,  the  Goldschmidt  tolerance  factor, 

which  is  a  well-known  factor  for  the  stability  of  the  perovskite 
structure  and  is  defined  as  Ct  =  (rA  +  r0)/(V2(rB  +  r0)),  and  the 
critical  radius,  defined  as  the  critical  size  of  the  triangle  formed  by 
two  A-site  cations  and  one  B-site  cation  where  oxygen  ions  move 
into  adjacent  oxygen  vacancies  along  the  <110  >  edges  of  the  BC>6 
octahedra,  i.e.,  rc  =  r\  +  3/4ajj  -  ^2a0rB  +  rjj/2rA  +  V2a0  -  2rB, 
are  proposed  as  the  structural  parameters. 

Sammells  et  al.  found  a  relationship  between  the  activation 
energy  for  ionic  migration  in  perovskite  oxides  and  the  lattice  free 
volume,  where  the  activation  energy  increased  as  the  free  volume 
decreased  j 23 — 25],  This  relationship  might,  however,  be  over¬ 
estimated  because  activation  energy  values  for  proton  conduction 
as  well  as  oxygen  ions  were  collected  in  various  perovskite  oxides 
including  titanate,  zirconate  and  cerate.  They  pointed  out  that  this 
criterion  could  be  expanded  to  the  fluorite  structure.  However,  the 
opposite  correlation  was  observed  in  this  circumstance;  the  reason 
was  unclear.  According  to  this  parameter,  moreover,  Laln03  having 
the  largest  free  volume  among  Sr  and  Mg  co-doped  LaM03  (M  =  Al, 
Ga,  Sc,  and  In)  should  be  the  best  ionic  conductor.  However,  the 
oxygen  ion  conductivity  of  the  doped  Laln03  was  slightly  lower 
than  that  of  the  doped  LaGa03,  with  an  intermediate  free  volume 
value  showing  the  highest  oxygen  ion  conductivity  among  the 
samples. 

Cook  and  Sammells  proposed  that  cubic  perovskites  are  only 
observed  for  the  tolerance  factors  between  0.95  and  1.04,  while  the 
perovskites  are  stable  for  0.75  <  Gt  <  1.0  [24].  While  the  cubic 
structure  is  ideal,  Gt  =  1,  the  majority  of  perovskite  oxides  have  a 
distorted  structure  such  as  an  orthorhombic  structure  for  tolerance 
factors  smaller  than  0.90  but  larger  than  0.75  and  hexagonal 
structures  for  those  larger  than  1.0.  They  also  suggested  that  the 
cubic  structure  might  be  preferred  for  perovskite  solid  electrolytes 
because,  in  going  from  orthorhombic  to  cubic  structures,  the 
number  of  crystallographically  equivalent  sites  increased,  which  is 
one  of  the  criteria  for  achieving  high  ionic  mobility  in  solid  elec¬ 
trolytes.  The  high  crystal  symmetry  of  Lao.6Ba0.4ln03_5,  which  has  a 
cubic  structure,  might  be  correlated  to  the  low  migration  energy, 
i.e.,  the  high  mobility  of  oxygen  ions. 

Mogensen  et  al.  have  claimed  that  the  most  important  param¬ 
eter  controlling  the  oxygen  ion  conductivity  is  the  degree  of 
distortion  from  the  fully  symmetric  and  stress  free  lattice,  in  which 
the  oxygen  ion  had  the  highest  mobility  and  the  lowest  activation 
energy  for  hopping  [28].  They  defined  the  stress-free  lattice  as  the 
ideal  perovskite  structure,  with  a  cubic  closest  packing,  where  the 
A-site  cation  should  be  equal  in  size  to  the  oxygen  ion, 
rA  =  ro  =  0.14  nm,  and  the  radius  of  the  ideal  B-site  cation,  re, ideal, 
should  be  0.058  nm  in  a  defect-free  lattice.  They  stated  that  La3+ 
(r  =  0.136  nm  in  12-fold  coordination  [30])  and  Sr2+  (0.144  nm) 
were  appropriate  A-site  ions  for  maximizing  the  conductivity,  and 
the  ionic  radius  of  Ga3+  (0.062  nm  in  6-fold  coordination)  was  9% 
larger  than  re, ideal,  whereas  Al3+  was  too  small  and  ln3+  was  too 
large  in  the  LaMC>3  compounds.  From  the  concept  of  the  stress-free 
lattice,  it  is  considered  that  a  large  In3+  ion  might  yield  a  lattice 
stress  in  Laln03,  and  this  stress  can  be  relaxed  by  the  substitution  of 
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a  large  Ba2+  ion  with  a  small  La3+  ion,  as  in  this  study,  resulting  in  a 
low  migration  energy. 

Ranlov  et  al.  stated  that  the  critical  radius  of  Mg-doped  LnA103 
(Ln  =  Er,  Gd,  Sm,  Nd  and  La)  increased  with  a  decrease  in  the  radius 
of  the  rare-earth  ion,  and  the  conductivity  increased  with  an  in¬ 
crease  in  the  critical  radius  [30],  However,  this  parameter  was  not 
able  to  be  adapted  to  the  entire  set  of  oxygen  ion  conductors;  on  the 
basis  of  the  critical  radius,  the  oxygen  ion  conductivity  of  LaSc03 
should  be  higher  than  that  of  LaGa03,  and  LaInC>3  should  exhibit  the 
highest  oxygen  ion  conductivity.  However,  these  are  calculated 
values  based  on  the  assumption  that  ions  do  not  behave  as 
immobile  hard  spheres.  As  Marques  and  Kharton  point  out,  ionic 
polarizability  and  relaxation  from  the  ideal  positions  have  to  be 
taken  into  consideration  [29],  The  polarizability  of  the  lattice  de¬ 
pends  on  the  polarizability  of  the  ingoing  ions  and  increases  with 
increasing  ionic  radius.  Indium  and  barium  have  relatively  large 
polarizability  values  (2.81  x  10~3  and  6.40  x  10~3  nm3,  respec¬ 
tively)  [31],  which  may  be  correlated  with  high  oxygen  ion  con¬ 
ductivity  and  low  migration  energy  of  Lao.eBacuInC^a.  Meanwhile, 
the  activation  energy  of  Lao.gSi'o.iInC^^  obtained  in  the  high  tem¬ 
perature  region  of  730—980  °C  was  0.70  eV,  which  is  higher  than 
that  of  La0.6Bao.4ln03_<5  (ca.  0.50  eV).  This  suggests  that  the  low 
polarizability  of  strontium  (4.24  x  1CT3  nm3)  is  one  of  the  reasons 
for  the  high  activation  energy  of  Lao.gSro.iIn03_,5.  Consequently,  the 
formation  of  a  cubic  structure  with  a  high  Gt  value,  a  less  stressed 
lattice  due  to  the  substitution  of  a  large  Ba2+  ion,  and  the  relatively 
large  values  of  polarizability  for  indium  and  barium  might  yield  a 
low  migration  energy  for  oxygen  ions  in  Lao.6Bao.4ln03_a  and  a 
relatively  high  oxygen  ion  conductivity. 

On  the  other  hand,  it  is  interesting  that  there  are  three  types  of 
triangles  that  oxygen  ions  pass  through  in  Lao.6Bao.4ln03_s, 
La— In— La,  La— In— Ba  and  Ba— In— Ba  because  40  at.%  of  La-sites  are 
substituted  by  barium,  and  each  triangle  might  have  a  different 
critical  radius.  The  critical  radius  of  the  La— In— La  triangle 
(0.1003  nm)  was  20%  larger  than  that  of  the  Ba— In— Ba  triangle 
(0.0836  nm),  suggesting  that  less  energy  might  be  required  to  move 
oxygen  into  adjacent  vacancies  through  the  La— In— La  triangle. 
Further  studies  about  the  pathway  for  oxygen  ions  in  Lao.6B- 
a(|  4ln03  are  necessary  because  the  larger  electrostatic  force  of  the 
La3+  ion  compared  to  the  Ba2+  ion  might  result  in  more  difficult 
movement  of  oxygen  ions  through  the  La— In— La  triangle. 

The  isothermal  conductivity  as  a  function  of  the  content  of 
excess  Ba  is  shown  in  Fig.  2.  With  the  increase  in  the  Ba  content,  the 


Table  2 

ICP  elemental  analysis  data  for  the  undoped  and  excess  Ba-doped  Lao  eBao/ilnOj 


Lao.6Bao.4ln03_5 

Element  stoichiometry  (molar  ratio) 

La 

Ba 

In 

Undoped 

0.6010 

0.3828 

1 

3  mol%  excess  Ba-doped 

0.6002 

0.4167 

1 

oxygen  ion  conductivity  increased  up  to  3  mol%  excess  and  then 
decreased.  The  increase  in  the  conductivity  might  be  correlated  to 
the  supplementation  of  Ba2+  ions  on  the  vacant  A-site,  which  was 
caused  by  the  volatilization  of  Ba  during  the  heat-treatment  pro¬ 
cesses.  The  volatilization  of  Ba  has  been  reported  in  barium  cerates 
and  barium  zirconates,  which  are  well  known  proton  conductors 
[32,33], 

To  verify  that  we  had  obtained  the  designed  compositions,  ICP 
spectroscopy  analysis  has  been  carried  out.  The  results  are  shown  in 
Table  2.  While  3  mol%  excess  Ba-doped  Lao.6Bao.4ln03_5  sample 
showed  the  designed  stoichiometric  composition,  the  Ba  content  of 
the  undoped  La0.6Bao.4ln03_5  sample  is  less  than  0.4.  Based  on  the 
elemental  analysis  of  these  samples,  the  volatilization  of  Ba  in 
Lao.6Bao.4InO3_.15  during  high  temperature  sintering  process  at 
1500  °C  could  be  confirmed. 

Through  the  loss  of  Ba,  A-sites  in  the  AB03  perovskite  structure 
became  vacant,  and  the  substitution  of  B-site  cations  on  A-sites 
occurred.  Similar  behavior  is  also  expected  to  occur  in  the  undoped 
composition  due  to  the  linear  behavior  of  the  conductivity  up  to 
1200  °C,  whereas  the  other  compositions  exhibited  curved 


(a) 

 E  1  l  JL  I  f  1 

(b) 

 1  ......  1_ A  JL  ,  Jl 

(C) 

.  .  1  1  .1  Jl  .  .  JL 

(d) 

.  1  1  1  Ji  .  A 

fej 

10  20  30  40  50  60  70  80  90 


26  (deg.) 


mol%  of  excess-barium 

Fig.  2.  Isothermal  conductivities  of  La0.6Ba0.4lnO3_5  as  a  function  of  excess  Ba  amount. 


Fig.  3.  Powder  X-ray  diffraction  patterns  for  excess  Ba-doped  La0.6Ba0.4lnO3_5  at  (a) 
0  mol%,  (b)  2  mol%,  (c)  3  mol%,  (d)  4  mol%,  and  (e)  5  mol%  excess  Ba-doped  compo¬ 
sition  (*unidentified  phase). 
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behaviors,  as  mentioned  above.  It  is  suggested  that  the  substitution 
of  In3+  ions  on  vacant  A-sites  might  cause  an  association  between 
small  In3+  ions  and  oxygen  vacancies.  On  the  other  hand,  the 
decrease  in  the  oxygen  ion  conductivity  after  the  maximum  value 
at  a  3  mol%  doped  composition  may  be  correlated  with  the  for¬ 
mation  of  secondary  phases,  as  shown  in  Fig.  3.  For  the  5  mol% 
doped  composition,  shoulders  were  observed  on  some  peaks, 
indicating  that  a  small  amount  of  barium-containing  compound 
was  formed.  Other  than  in  the  5  mol%  doped  composition  with 
secondary  phases,  however,  a  single  phase  of  perovskite  with  a 
cubic  structure  was  observed  in  the  other  compositions.  However, 
based  on  the  maximum  point  of  conductivity  being  at  a  3  mol% 
composition,  it  is  considered  that  a  small  amount  of  secondary 
phase  might  be  also  formed  at  the  4  mol%  doped  composition, 
although  no  peaks  of  the  secondary  phase  were  detected  by  pow¬ 
der  X-ray  diffraction.  Moreover,  electrical  conductivity  is  also 
affected  by  the  microstructure.  As  shown  in  Fig.  4,  relatively  large 
amount  of  closed  pores  were  observed  in  the  undoped  La0.6B- 
ao.4ln03_5  sample,  compared  with  the  3  mol%  excess  doped 
composition.  This  indicates  that  lower  ionic  conductivity  of  the 
undoped  composition  than  the  3  mol%  excess  doped  composition  is 
also  due  to  rather  lower  relative  density  caused  by  the  volatilization 
of  Ba  during  high  temperature  sintering  process. 


3.2.  Laj_x6ax/n03_5  (0.4  <  x  <  0.8)  system 

Powder  X-ray  diffraction  patterns  of  the  3  mol%  excess  Ba-doped 
Lai_xBaxIn03_^  (0.4  <  x  <  0.8)  sintered  at  1500  °C  in  air  are  shown 


Fig.  4.  Fractural  surface  images  of  the  excess  Ba-doped  Lao.f.Ban  alnO-j  &  at  (a)  0  mol% 
and  (b)  3  mol%  excess  Ba-doped  composition,  sintered  at  1500  °C  for  10  h  in  air. 


in  Fig.  5.  A  single  phase  of  the  perovskite  structure  was  formed  in  all 
compositions,  and  the  diffracted  pattern  could  be  indexed  to  a 
simple  cubic  structure,  indicating  that  the  formation  region  of  the 
cubic  structure  in  this  study  was  relatively  larger  than  those  of 
previous  studies  [15,18].  Kakinuma  et  al.  demonstrated  that  the 
cubic  symmetry  was  formed  from  x  =  0.4  to  0.5,  and  they  also  re¬ 
ported  that  the  tetragonal  and  the  orthorhombic  structures  were 
formed  in  the  range  of  0.5  <  x  <  0.7  and  0.7  <  x  <  1.0,  respectively 
[18].  Moreover,  Tenailleau  et  al.  reported  that  the  cubic  structure 
was  obtained  in  the  range  of  0.4  <  x  <  0.775,  and  the  composition  of 
x  =  0.8  was  analyzed  as  the  tetragonal  using  hard  mode  infrared 
powder  absorption  spectroscopy,  powder  X-ray  diffraction,  and 
electron  diffraction  [15],  The  lower  limit  of  the  cubic  structure  was 
in  accord  with  our  results,  but  the  upper  limit  was  not,  i.e.,  the 
composition  of  x  =  0.8.  In  their  study  on  the  crystal  structure  of 
0.5  <  x  <  1.0,  on  the  other  hand,  Uchimoto  et  al.  reported  that  the 
defect  perovskite  with  a  disordered  cubic  structure  was  observed  in 
the  range  of  0.5  <  x  <  0.8  according  to  X-ray  diffraction  data,  and 
Lao.2Bao.8ln02.6,  i.e.,  x  =  0.8,  belonged  to  a  cubic  structure  with  a 
space  group  of  Pm3m  by  Rietveld  analysis  [17].  They  also  reported 
that  the  coordination  number  of  ln3+  continuously  decreased  up  to 
x  =  0.8,  and  then  a  significant  decrease  occurred  as  the  amount  of 
Ba2+  increased  [16],  This  result  suggested  that  the  composition  of 
x  =  0.8  showed  the  cubic  structure  with  the  "disordered”  perov¬ 
skite  rather  than  the  “ordered”  brownmillerite.  From  these  results, 
the  formation  of  the  cubic  structure  in  this  system  is  certain,  but  the 
formation  region  of  the  cubic  structure  remains  unclear.  The  chosen 
heat-treatment  process  might  be  one  of  the  reasons  for  the 
disagreement  of  the  formed  phases  and  their  formation  limits. 
While  Tenailleau  et  al.  quenched  the  samples  after  sintering  at 
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Fig.  5.  Powder  X-ray  diffraction  patterns  for  Lai_xBaxIn03_5:  (a)  x  =  0.4,  (b)  x  =  0.5,  (c) 
x  =  0.6,  (d)  x  =  0.7,  and  (e)  x  =  0.8. 
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1300  °C,  all  the  samples  in  this  work  were  furnace-cooled  after 
sintering  at  1500  °C. 

Baln02.5  had  a  brownmillerite  structure  with  an  orthorhombic 
unit  cell  from  room  temperature  to  900  °C  [34],  At  925  °C,  a  phase 
transition  from  orthorhombic  to  tetragonal  structure  occurred  after 
a  disorder  in  oxygen  vacancies  above  900  °C.  Then,  BaInC>2.5  became 
cubic,  with  an  oxygen-deficient  perovskite.  The  formation  of  the 
tetragonal  structure  in  the  LalnOg— Baln02.5  binary  system  is 
reasonable,  although  the  tetragonal  structure  was  not  observed  in 
this  work,  and  the  phase  diagram  of  the  Baln02.5-rich  side  in  this 
system  might  be  similar  to  that  of  the  Zr02— YO1.5  binary  system. 
While  Zr02  undergoes  phase  transition  from  monoclinic  to 
tetragonal  and  then  to  cubic  with  a  temperature  increase,  the  cubic 
structure  at  high-temperature  can  be  achieved  at  room  tempera¬ 
ture  by  substitution  of  an  Y3+  ion  on  a  Zr4+-site  [35],  The  tetragonal 
structure  obtained  by  the  quenching  process  as  well  as  the  cubic 
structure  achieved  after  high-temperature  sintering,  therefore, 
might  be  meta-stable  phases.  This  suggestion  was  supported  by  the 
X-ray  diffraction  pattern  of  Lao.iBao.gIn03_j  (x  =  0.9),  consisting  of  a 
mixture  of  the  perovskite  with  a  cubic  structure  and  the  brown¬ 
millerite  with  an  orthorhombic  structure,  as  shown  in  Fig.  6.  Some 
diffracted  peaks  were  identified  as  those  of  the  brownmillerite 
(ICDD  81-2473),  whereas  the  (200)  peak  at  2 8  =  29.3°  and  the  (341) 
peak  at  26  =  51.3°,  which  are  typical  peaks  of  the  brownmillerite, 
were  not  observed,  suggesting  that  the  peaks  with  a  strong  in¬ 
tensity  such  as  26  =  29.9°,  42.9°,  53.2°,  62.3°,  70.5°,  and  86.4°  might 
be  those  of  the  cubic  perovskite.  From  the  viewpoint  of  the  phase 
diagram,  the  formation  of  a  mixture  with  cubic  and  orthorhombic 
structures  is  reasonable. 

The  lattice  parameter  of  the  cubic  structure  determined  from 
the  powder  X-ray  diffraction  data  is  shown  in  Fig.  7.  To  prevent  the 
incorporation  of  water  into  the  lattice,  the  pellets  were  annealed  at 
500  °C  in  a  dry  N2  atmosphere  using  a  liquid  N2  trap  after  the 
sintering  process.  In  a  wet  atmosphere,  Ba-doped  LaInC>3  perovskite 
and  Baln02.5  brownmillerite  were  reported  as  proton  conductors 
[14,36],  and  the  lattice  parameter  of  the  ceramic  proton  conductors 
generally  became  larger  under  a  wet  atmosphere  due  to  the 
incorporation  of  water  vapor  into  oxygen  vacancies  [9],  The  lattice 
parameter  of  the  cubic  structure  showed  a  non-linear  increase  as 
the  amount  of  Ba2+  increased.  This  behavior  was  also  observed  in 
Tenailleau's  data  [15],  The  reason  for  the  non-linearity  is  not  yet 


Fig.  6.  Powder  X-ray  diffraction  pattern  of  Lan  iBa0.<)ln03  s. 


clear.  It  is,  however,  worth  noting  the  substitution  of  large  Ba2+  ions 
(rBa  =  0.161  nm,  coordination  number  =  12  [37])  with  small  La3+ 
ions  (r La  =  0.136  nm)  and  the  formation  of  oxygen  vacancies  smaller 
than  oxygen  ions.  Through  the  introduction  of  large  cations,  which 
could  preferentially  accommodate  oxygen  ions  rather  than  oxygen 
vacancies,  the  anion  sub-lattice  might  be  an  "ordered”  state  in  a 
short  range  order  like  the  brownmillerite  structure.  Further  study  is 
necessary  to  understand  this  phenomenon. 

In  the  dry  atmosphere,  oxides  that  contain  oxygen  vacancies  are 
expected  to  be  oxide  ion  conductors  when  their  electronic  con¬ 
duction  is  negligible,  whereas  those  exhibiting  oxygen  ions  and 
electron  conduction  are  expected  to  be  mixed  conductors.  The 
conductivity  of  the  mixed  conductors  consists  of  the  oxide  ion 
conductivity,  which  is  independent  of  the  oxygen  partial  pressure 
(p( O2)),  and  electron/electron— hole  conductivities,  which  are 
dependent  on  p(02).  For  a  mixed  conductor  showing  oxide  ion 
(ffoxygen-ion)  and  electron  hole  conductivities  (<relectron  hole),  the 
total  conductivity  (ctotai)  is  strictly  governed  by  the  following 
equation. 

°total  =  ^oxygen  ion  +  'T’electron-hole  =  ^oxygen  ion  +  aV  '  P(^2)  (1 ) 

where  <rj[  and  a  are  the  electron— hole  conductivity  at  an  oxygen 
partial  pressure  of  1  atm  and  a  variable  depending  on  the  formation 
mechanism  of  electron-holes,  respectively.  Fig.  8(a)  shows  the 
p(C>2)  dependence  of  the  DC  conductivity  of  Lao.sBao.sInOg-j  at 
800  °C  measured  in  dry  N2/O2  atmospheres  using  a  dry-ice/ethanol 
trap.  By  fitting  the  data  using  equation  (1),  <r0xygen-ion.  0p,  and  a 
were  calculated  as  4.39  x  10"2  S  cm"1, 1.8  x  10"3  S  cm"1,  and  0.255, 
i.e.,  ca.  1  / 4,  respectively.  These  results  indicate  that  Lao.sBao.sInOg-j 
might  be  a  mixed  conductor  of  both  oxygen  ions  and  electro¬ 
n-holes  in  the  relatively  high  p(C>2)  region  of  the  dry  atmosphere. 
However,  ^oxygen-ion  was  much  higher  than  ^electron-hole.  i.e..  the 
contribution  of  ffeiectron-hoie  to  f7t0tai  is  very  small  even  at 
p(0  2)  —  1  atm;  hp-type/h” total  —  0.04  and  o.  oxide-ion/7  total  —  0.996. 
Therefore,  it  is  reasonable  to  assume  that  most  of  the  conducting 
species  in  a  dry  N2  atmosphere  are  oxygen  ions,  and  Lao.sB- 
ao.5ln03_5  is  close  to  a  pure  oxygen  ion  conductor  even  in  high  p(C>2) 
region.  Meanwhile,  because  the  variable  ‘ a '  of  Equation  (1)  was 
calculated  as  0.255,  the  electron— hole  conduction  can  be  consid¬ 
ered  to  occur  by  the  production  of  electron— holes  (h‘)  by  dissolu¬ 
tion  of  oxygen  into  oxygen  vacancies  (V),  as  given  in  the  following 
equation. 
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Fig.  8.  p(02)  dependence  of  conductivity  for  Lao.5Ba0.5ln03_j  at  800  °C;  (a)  <rtota|  for 
high  p(02)  and  (b)  log  log  <r„ygen-ion  and  log  <7e|ectIon-hoie  as  a  function  of 

log  p(02). 


1  j 202{g)  +  V"  =  Oq  +  2h’  (2) 

According  to  Equation  (2),  the  dependence  of 
electron— hole  conductivity  (log  ffeiectron-hoie)  on  oxygen 
partial  pressure  [log  p(C>2)]  has  a  slope  of  1/4.  The  expression 
of  fftotai  for  Lao.5Bao.5lnC>3_,5  at  800  °C  is  given  by 
<7 total  =  4.39  x  10-2  +  1.8  x  10~3xp(02)1/3'92~1/4  S  cm"1.  The 
isothermal  conductivity  including  ffeiectron-hoie  dependent  on 
p( 02)  is  shown  in  Fig.  8(b),  where  conductivity  data  was 
measured  in  a  dry  N2/02  mixture  gas  (—10  4  to  1  atm)  and  a  H2 
gas  (~10~24  atm)  using  a  dry-ice/ethanol  trap.  The  electronic 
conduction  appeared  in  the  low  p(02)  region.  Similarly,  it  has 
been  reported  that  Sr-doped  LaInC>3  with  an  orthorhombic 
structure  showed  electronic  conductivity  in  the  low  p(02)  region 
[38],  indicating  that  the  electronic  conduction  in  doped  LaInC>3 
is  independent  of  the  crystal  structure.  Further  study  about  the 
dependence  of  electronic  conductivity  on  p(02)  will  follow. 


Arrhenius  type  conductivity  for  Lai_xBaxIn03_5  (0.4  <  x  <  0.7) 
measured  in  the  dry  N2  atmosphere  is  shown  in  Fig.  9.  At  800  °C, 
the  maximum  conductivity  of  5.6  x  10~2  S  cm-1  was  observed  in 
the  compositions  of  x  =  0.4.  The  compositions  of  x  =  0.6  and  0.7 
showed  lower  conductivity,  although  these  compositions  had  a 
higher  concentration  of  oxygen  vacancies.  In  fact,  this  behavior  of 
conductivity  versus  the  concentration  of  the  oxygen  vacancy  has 
been  reported  in  the  literature  for  oxygen  ion  conductors  [39—41  ]. 
The  formation  of  a  microdomain  with  an  ordered  structure  and  the 
associated  defect  pairs  between  the  dopant  cation  with  the  nega¬ 
tive  effective  charge  and  the  charge-compensating  oxygen  vacancy 
with  the  positive  effective  charge  was  suggested.  The  formation  of  a 
microdomain  might  likely  occur  because,  with  an  increase  in  x,  the 
amount  of  Ba  in  the  composition  approached  the  Baln02.s  brown- 
millerite  structure  with  an  ordered  oxygen  vacancy  site.  It  is, 
however,  noteworthy  that  the  compositions  of  x  =  0.4  and  0.5 
exhibited  curved  behaviors  of  oxygen  ion  conductivity,  and  the 
curvature  decreased  with  increasing  x.  The  composition  of  x  =  0.7 
exhibited  almost  linear  behavior  in  conductivity,  as  shown  in  Fig.  9, 
indicating  that  the  activation  energy  in  the  high  temperature  re¬ 
gion  increased  with  increase  in  x.  This  result  suggested  that  the 
formation  of  an  association  rather  than  the  formation  of  a  micro¬ 
domain  might  occur.  In  the  case  of  the  microdomain  model,  it  is 
expected  that  the  concentration  of  the  carrier  decreased,  and  the 
activation  energy  might  be  unchanged  because  oxygen  ions  might 
migrate  freely  except  in  the  ordered  oxygen  vacancy  region. 

4.  Conclusions 

Undoped  and  2—5  mol%  excess  Ba-doped  La0.6Bao.4ln03_j 
samples  were  prepared,  and  their  ion  conductivities  were 
measured.  The  highest  conductivity  was  observed  for  a  3  mol% 
excess  Ba-doped  sample.  This  is  thought  to  be  the  result  of  a  Ba-loss 
phenomenon.  The  activation  energy  was  dependent  on  the  tem¬ 
perature  except  in  the  undoped  composition.  In  the  high  temper¬ 
ature  region  above  900  °C,  the  activation  energy  was  0.50—0.52  eV, 
which  is  slightly  lower  than  that  of  the  doped  LaGaC>3. 

We  also  investigated  the  conduction  behavior  of  3  mol%  excess 
Ba-doped  Lai_xBaxIn03_s  (0.4  <  x  <  0.8)  compositions.  All  of  the 
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compositions  formed  a  single  cubic  phase.  This  is  somewhat 
different  than  the  results  reported  by  other  researchers.  Lattice 
parameters  increased  with  increasing  Ba  concentration  due  to  the 
larger  ionic  radius  of  Ba  than  La.  However,  the  reason  for  the  non¬ 
linear  increase  in  the  lattice  parameters  is  unclear. 

Electron— hole  conduction  was  dependent  on  the  oxygen  partial 
pressure,  while  oxygen  ion  conduction  was  not.  This  indicates  that 
Lai_xBaxln03_5  (0.4  <  x  <  0.8)  compositions  are  nearly  pure  oxygen 
ion  conductors.  The  compositions  of  x  =  4  and  x  =  5  showed  the 
highest  ion  conductivity.  Although  the  concentration  of  oxygen 
vacancies  increased  with  increasing  Ba  content,  the  oxygen  ion 
conductivity  decreased.  This  might  be  due  to  the  association  be¬ 
tween  dopant  cations  and  oxygen  vacancies. 
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